Some forms of synaptic plasticity require rapid, local activation of protein synthesis. Although this is thought to reflect recruitment of mRNAs to free ribosomes, this would limit the speed and magnitude of translational activation. Here we provide compelling in situ evidence supporting an alternative model in which synaptic mRNAs are transported as stably paused polyribosomes. Remarkably, we show that metabotropic glutamate receptor activation allows the synthesis of proteins that lead to a functional long-term depression phenotype even when translation initiation has been greatly reduced. Thus, neurons evolved a unique mechanism to swiftly translate synaptic mRNAs into functional protein upon synaptic signaling using stalled polyribosomes to bypass the ratelimiting step of translation initiation. Because dysregulated plasticity is implicated in neurodevelopmental and psychiatric disorders such as fragile X syndrome, this work uncovers a unique translational target for therapies.
Some forms of synaptic plasticity require rapid, local activation of protein synthesis. Although this is thought to reflect recruitment of mRNAs to free ribosomes, this would limit the speed and magnitude of translational activation. Here we provide compelling in situ evidence supporting an alternative model in which synaptic mRNAs are transported as stably paused polyribosomes. Remarkably, we show that metabotropic glutamate receptor activation allows the synthesis of proteins that lead to a functional long-term depression phenotype even when translation initiation has been greatly reduced. Thus, neurons evolved a unique mechanism to swiftly translate synaptic mRNAs into functional protein upon synaptic signaling using stalled polyribosomes to bypass the ratelimiting step of translation initiation. Because dysregulated plasticity is implicated in neurodevelopmental and psychiatric disorders such as fragile X syndrome, this work uncovers a unique translational target for therapies.
RNA granule | mGluR-LTD | translation elongation | microtubule-associated protein 1b M ost studies of translational control focus on initiation, the process where mRNAs recruit ribosomes and catalyze the first step of translation (1) . This highly regulated and normally rate-limiting step of translation is followed by elongation and termination, resulting in completed proteins. Although multiple ribosomes on a given mRNA (a polyribosome) imply active peptide synthesis, we and others identified neuronal RNA granulesmotile aggregates of nontranslating ribosomes (2, 3) . These electron-dense bodies contain single copies of synaptic mRNAs that are translationally silenced during their transport from soma to synapse (1, 4) .
Many models assume that neuronally transported mRNAs are translationally paused before completion of the initiation step of translation during transport. An appropriate synaptic signal would then activate translation (initiation/elongation/termination) of the granule mRNA. However, it is not clear how many free ribosomal subunits are present at synapses to support translation initiation. Further, at a typical translation elongation rate of six amino acids per s (5, 6) , synthesis of larger synaptic proteins (e.g., microtubule-associated protein 1b; MAP1b) would take over 5 min even if initiation were immediate. These two factors constrain the speed and magnitude of synaptic translation and, thus, plasticity. As some forms of synaptic plasticity require rapid (<10 min) and localized activation of protein synthesis, an alternative model is wanting (7) (8) (9) .
We have previously proposed the concept of a neuronal RNA granule as a stalled polyribosome (10, 11) . Ribosomal stalling has been shown to occur in lysates from a mouse neuroblastoma cell line and in an in vitro rabbit reticulocyte lysate translation assay programmed with brain homogenate (12) . Whether neuronal ribosome stalling occurs in vivo is uncertain. We hypothesized that neuronal RNA granules contain paused ribosomes with incomplete proteins initiated in the soma before their packaging and transport to dendrites, where translation can be rapidly and locally completed on demand. Here we show that reactivation of translation on stalled polyribosomes is a unique feature of the neuronal landscape that functions in metabotropic glutamate receptor (mGluR) long-term depression (LTD), providing the neuron with the ability to rapidly and specifically respond to stimuli independently of translation initiation.
Results
An appropriate assay is required to determine whether stalled polyribosomes are present in neurons and, if so, whether they are dynamically regulated by neuronal activity. We reasoned that if polyribosomes are stalled at the level of elongation and/or termination, they should be unaffected by inhibitors that act at initiation or during the first round of elongation at the initiation codon, whereas those actively synthesizing protein would dissociate due to ribosome runoff and could not be replaced. To perform this type of runoff assay, we required a robust method to visualize polyribosome complexes within intact neurons. Here we use the recently described ribopuromycylation (RPM) method (13) (14) (15) to visualize ribosomes associated with nascent peptide chains within formaldehyde-fixed primary hippocampal neurons. In this technique, live cells are coincubated with the irreversible translation elongation inhibitor emetine, together with puromycin, a tyrosyl-tRNA analog that covalently attaches to the carboxyl terminus of nascent chains. Although puromycylation is a peptide chain-terminating event, emetine added in this context (through an imperfectly understood mechanism) prevents puromycylated nascent chain release from ribosomes (14) . This enables standard
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In neurons, many mRNAs are transported to synapses in a translationally repressed state, allowing for the spatial and temporal regulation of protein synthesis required for synaptic plasticity. It has been assumed that these mRNAs are repressed at the initiation step of translation. Here we provide evidence for a second mechanism whereby these mRNAs are instead repressed at elongation/termination awaiting translational reactivation upon appropriate synaptic signals. Our results establish that a form of translation-dependent synaptic plasticity, which is dysregulated in neurodevelopmental and psychiatric pathologies, occurs independently of translation initiation. Elucidating the upstream pathways that lead to repression and reactivation of elongation/termination on these mRNAs may provide new avenues for the design of therapies targeting neurodevelopmental disorders.
immunofluorescence visualization of ribosome-bound nascent chains in fixed and permeabilized cells using a puromycin-specific monoclonal antibody.
Puromycylated Puncta in Rat Hippocampal Neurons Represent Neuronal RNA Granules. As shown in Fig. 1A , RPM staining in dissociated rat hippocampal neuron cultures revealed puromycin-specific staining indicative of polyribosomes throughout the soma and neurites ("−puro" and "+puro" conditions demonstrate the strict puromycin dependence on staining). Closer inspection revealed intensely stained puncta throughout the neurites (Fig. 1B, arrowheads) , consistent with electron micrographs of polyribosomes in neurites (2) . Further characterization of neuronal RPM staining revealed that puncta colocalize with the RNA-specific dye Syto14 ( Fig. 1C ; quantified in Fig. 1 H and  I) , consistent with previous detection of RNA granules in live neurons using this dye (16) . Syto14 also stains mitochondria; however, the Syto14-mitochondria puncta (imaged with an antibody targeting translocase of outer mitochondrial membrane 20 (Tom20), a mitochondrial outer-membrane protein) do not colocalize with RPM staining (Fig. S1, arrowheads) . Colocalization of RPM signal with ribosomal protein S6 has been previously shown in a fibroblast cell line (15) , and we also observed significant colocalization of S6 with RPM puncta in primary neurons ( Fig. 1D ; quantified in Fig. 1 H and I) . Further, we found that RPM puncta colocalize with punctate fragile X mental retardation protein (FMRP), a component of RNA granules, where it is thought to negatively regulate translation by stalling ribosome processivity (12, (17) (18) (19) (Fig. 1E ; quantified in Fig. 1 H and I) . We found similar colocalization of transiently expressed GFP fused to the RNA-binding protein Staufen 2 (GFP-Stau2), a component of an RNA granule that regulates transport and translation of MAP1b mRNA (3, 11) ( Fig. 1F ; quantified in Fig. 1 H and I) . RPM staining is significantly more colocalized with all of the RNA granule markers than it is with the mitochondrial marker Tom20 ( Fig. 1G ; quantified in Fig. 1 H and I). However, not all puncta stained with the RNA granule markers colocalized with RPM ( Fig. S2) , consistent with the presence of multiple types of RNA transport particles that do not contain polyribosomes (10, 19) . We also ruled out the possibility that RPM puncta reflect puromycylation on mitochondrial or contaminating bacterial ribosomes by inhibiting prokaryotic/mitochondrial translation or by assessing colocalization of RPM puncta with any bacterial DNA that might be present (Figs. S3 and S4). Together, these data demonstrate that the puromycin-stained puncta show characteristics of neuronal RNA granules.
We next performed experiments using the human embryonic kidney (HEK) 293T cell line to verify that we could induce runoff of polyribosomes in intact cells (measured by RPM) as previously described (13) (14) (15) . Because RNA granules (including putative stalled polyribosomes) have so far been observed only in oligodendrocytes (20) and neurons (16), we did not expect stalled polyribosomes to be abundant in 293T cells. To induce runoff, we used pateamine A (PatA), which binds the RNA helicase eukaryotic initiation factor (eIF)4A, blocking its essential function in eIF4F-mediated translation initiation (21) , and homoharringtonine (HHT), which uniquely inhibits the first round of translation elongation by impeding translocation of the ribosome from the initiation codon while leaving downstream ribosomes unaffected, thus depleting elongating ribosomes and preventing any further initiation (Fig. S5) (22, 23) . To assess the ability of PatA and HHT to inhibit peptide synthesis, we metabolically labeled neurons with the methionine analog L-azidohomoalanine (AHA) for 60 min, followed by fixation and coupling of AHA-labeled proteins to a fluorophore via click chemistry (24) . As expected, preincubation with either PatA or HHT severely repressed active protein synthesis in 293T cells by ∼85% ( Fig.  2A; quantified in Fig. 2B ). Next, we measured protein synthesis at the level of the polyribosome using RPM in 293T cells. As expected, preincubation with PatA or HHT blocked a significant proportion (∼70%) of cytoplasmic RPM staining, consistent with the majority of polyribosomes in nonneuronal cells being actively engaged in protein synthesis ( Fig. 2C ; quantified in Fig. 2D ). Critically, we were able to create an artificially stalled polyribosome phenotype in 293T cells by irreversibly blocking elongation with emetine before treatment with HHT ( Fig. 2 C and D) . Under these conditions, HHT was unable to reduce RPM staining, confirming that this technique reliably detects stalled polyribosomes.
Neuronal Polyribosomes Are Stalled Downstream of the First Round of Translation Elongation. With a reliable assay to detect stalled polyribosomes (preincubation with PatA or HHT followed by RPM), we next asked whether they are present in primary neurons. First, we confirmed that both PatA and HHT could reduce active peptide synthesis in both the soma and neurites as measured by AHA labeling (Fig. 2 E and F ; quantified in Fig. 2G ). To detect stalled polyribosomes, we examined whether RPM staining was resistant to runoff by preincubating with the inhibitors for 10 min. Despite the ability of either PatA or HHT to block most (∼90%) ongoing translation throughout the neuron (Fig. 2G ) and the ability of PatA and HHT to induce polyribosome runoff in 293T cells (Fig. 2D) , virtually all RPM staining in neuronal soma and neurites remained (Fig. 3 A and B ; quantified in Fig. 3C ). We next objectively measured the highintensity RPM puncta by setting an intensity threshold and found that their number in neurites was significantly affected by neither PatA nor HHT (Fig. 3D) . Although we observed a small (∼10-20%) decrease in both diffuse and punctate RPM staining (Fig. 3  C and D) , the difference was not statistically significant when corrected for multiple comparisons. Thus, a majority of neuronal polyribosomes are stalled and resistant to runoff. Importantly, we were able to recapitulate the properties of RPM immunostaining by immunoblotting RPM-treated cell extracts with antipuromycin antibody (Fig. 3E) . The resulting broad pattern of labeled peptides confirmed that puromycylation indeed takes place in both 293T cells and neurons. However, although preincubation with PatA or HHT reduces puromycylation in 293T cells to near-background levels, these inhibitors failed to significantly reduce puromycylation in neurons (Fig. 3E) . Together, these observations point to a distinct ribosomal landscape in neurons, exemplified by the presence of polyribosomes stalled at the level of elongation/termination. Fig. 1 E and F) , we hypothesized that DHPG could reactivate stalled polyribosomes, thereby synthesizing proteins necessary for mGluR-LTD. Contrary to a model where DHPG would increase the number of RPM puncta (i.e., polyribosomes) through translation initiation and elongation, our stalled polyribosome hypothesis would predict that DHPG would instead cause a decrease in the number of RPM puncta as elongation and termination proceed. To test this, we applied DHPG to hippocampal neuronal cultures for 0, 1, 5, 10, and 20 min followed by RPM. We found a progressive decrease in the number of RPMpositive puncta per micrometer in neurites >50 μm from the cell soma ( Fig. 4A ; quantified in Fig. 4B ). As expected, this decrease was also seen in the presence of HHT, suggesting that it is independent of initiation events (Fig. 4B, open circles) . A similar decrease in the number of puncta was also seen in proximal dendrites (Fig. S6) .
If DHPG induces release of stalled polyribosomes and, moreover, if the latter represent a sizeable proportion of the ribosomes present in neurites, one might expect to see an initiation-independent increase in protein synthesis in the presence of DHPG. We used AHA labeling in hippocampal neurites to determine whether DHPG could increase peptide synthesis in the presence of HHT (see Fig. 4C for experimental schema) . Despite the pronounced reduction of AHA incorporation upon treatment of neurons with HHT alone, we observed that DHPG significantly increased AHA labeling in the presence of HHT (Fig.  4D) . The loss of RPM puncta and the initiation-independent increase in bulk protein synthesis following DHPG treatment, is consistent with a stimulus-dependent reactivation of stalled polyribosomes mediated through mGluRs.
A Concurrent Block in Translation Initiation Does Not Impair mGluRDependent MAP1b Protein Synthesis. MAP1b mRNA is one of several transcripts whose local translation is required for All bars represent mean ± SEM and n = 9 cells from three independent experiments. ***P < 0.001. ns, P > 0.05 calculated using a one-way ANOVA with Dunnett's post hoc tests. mGluR-LTD (11, 25) . We have previously shown that mGluR activation by DHPG induces release of MAP1b reporter mRNA from neurite RNA granules (11), consistent with storage of this mRNA in a stalled polyribosome. Therefore, we predicted that rapid MAP1b protein synthesis in distal dendrites would occur independently of translation initiation. Indeed, Pat A and HHT failed to impede DHPG-induced MAP1b protein expression in distal neurites as revealed by immunocytochemistry ( Fig. 5A ; quantified in Fig. 5B ). Importantly, blocking elongation with emetine prevented the DHPG-mediated increase in MAP1b expression. These data demonstrate that mGluR-mediated translation of a known LTD target mRNA, although still requiring elongation and termination, can occur independently of the initiation step of protein synthesis.
Blocking the First Round of Translation Elongation Does Not Impair mGluR-Dependent LTD in Hippocampal Neurons. If reanimation of translation stalled at the level of elongation/termination is a mechanism used by all or most of the mRNA targets upregulated during mGluR-LTD, one would predict that protein synthesis-dependent LTD would be sensitive to general elongation inhibitors but not inhibitors that target initiation or only the first round of elongation. Indeed, it is well-established in the field that elongation inhibitors such as emetine, anisomycin, and cycloheximide block mGluR-LTD. To determine whether this form of plasticity is mainly mediated by reactivation of stalled polyribosomes, we induced mGluR-LTD in rat hippocampal slices using DHPG in the presence or absence of emetine or HHT. Strikingly, although emetine impaired mGluR-LTD, HHT failed to do so (Fig. 5 C and D) . HHT was indeed effective in slices, as it inhibited late-LTP (L-LTP), a distinct form of translation-dependent plasticity (Fig. 5 E and F) , and was found to reduce protein synthesis in slices by more than 90% (Fig. S7) . Earlier studies had shown that blocking initiation with an excess of RNA cap analog was effective in occluding hippocampal mGluR-LTD (9). We thus examined whether longer incubations with HHT would be more effective. Neither a 30-min preincubation nor continuous perfusion of HHT during the entire course of the experiment was effective in blocking LTD (Fig. S8) . However, preincubating with HHT for 1 h did block mGluR-LTD (Fig. S8) , suggesting that in the prolonged absence of initiation, factors important for mGluR-LTD fail to be synthesized. The insensitivity of mGluR-LTD, but not L-LTP, to a de facto translation initiation inhibitor is consistent with distinct mRNA storage mechanisms for at least some of the mRNAs that underlie these distinct forms of plasticity.
Discussion
A recent study reported that polyribosomes in lysates from a mouse neuroblastoma cell line (N2A) are insensitive to runoff mediated by hippuristanol (an inhibitor of initiation) or puromycin (12) . Specific mGluR-LTD mRNA targets, including MAP1b, were also retained on polyribosomes in the presence of hippuristanol.
Here we extend these in vitro data revealing stalled translation as a predominant feature in primary neurons, specifically targeting MAP1b translation and a protein synthesis-dependent form of synaptic plasticity, mGluR-LTD. Our findings strongly suggest elongation and termination rather than initiation as the critical steps of translation during mGluR-LTD (Fig. S5) . It should be noted that other studies have indicated a role for Inhibition of the first round of elongation by HHT does not impair DHPG-mediated increases in protein synthesis as detected by AHA labeling. n = 46-54 neurites from three independent experiments. All bars represent mean ± SEM, and the P value was calculated using a oneway ANOVA with Bonferroni post hoc tests. ns, P > 0.05. initiation in mGluR-LTD (9). While we observed that preincubation with HHT for 1 h blocks mGluR-LTD (Fig. S8) , blocking translation initiation at least 30 min before and during stimulation of mGluRs has no effect, and suggests that DHPGmediated increases in initiation are not required for mGluR-LTD. Alternatively, differences in experimental conditions may alter the rate-limiting step that underlies this form of plasticity (11, 26, 27) . Nevertheless, under the conditions used in this study, mGluR-LTD is resistant to an inhibitor that blocks the translation of newly initiated mRNAs, demonstrating that release of stalled polyribosomes is an important and sufficient step in producing the proteins necessary for this form of plasticity. Moreover, it highlights an important mechanistic difference between mGluR-LTD and L-LTP; although both types of plasticity are translation-dependent, the latter shows a stricter requirement for translation of newly initiated mRNAs. Our results are consistent with recent studies using the initiation inhibitor 4EGI-1, which report a block in L-LTP (28) but not striatal mGluR-dependent LTD (28, 29) .
How does the puromycin reaction take place on stalled polyribosomes (i.e., engaged but not translocating ribosomes)? One might predict that stalled polyribosomes would be resistant to puromycin as it competes with aminoacyl-tRNAs that cannot undergo A-to P-site translocation. We speculate that the high concentration of puromycin used in this study allows it to displace the charged tRNA present at the A site. Another possibility is that the stalling involves occupation of the A site by other proteins that could be competed out with the addition of puromycin. Alternatively, a single 3′ proximal ribosome (perhaps at the stop codon) is stalled, causing the remaining upstream ribosomes to slow but perhaps not stall completely, thus allowing puromycylation.
If most neuronal ribosomes are occupied in stalled polyribosomes, what constitutes the large amount of basal translation in dendrites that is blocked by HHT and PatA (Fig. 2 E-G) ? We suggest that most of this translation is mediated by monosomes that fall below the detection limit of the RPM technique. In this context, a slow rate of initiation relative to elongation would favor a small number of ribosomes processing an entire mRNA before another is initiated. It should also be noted that our AHA labeling measures translation products accumulated over a period of 60 min (Fig. 2G) , whereas RPM offers a snapshot of polyribosomes. Therefore, even a small percentage of ribosomes occupied in active translation could mediate the initiationdependent basal translation observed in this study.
Although the colocalization of RPM puncta in neurites with FMRP and Staufen 2 establishes the puncta as RNA granules, we also observed that many of the Staufen 2 and FMRP puncta in neurites do not label with RPM (Fig. S2) . These data demonstrate the heterogeneity of these neuronal structures (30). Indeed, these two RNA-binding proteins play important roles in other ribonucleoprotein structures, including RNA interference complexes (31) and RNA transport complexes blocked at initiation (32) . What determines whether a particular RNA, such as MAP1b, is stored in a stalled polyribosome is probably not defined by binding to a single RNA-binding protein, and may require some combinatorial code (33) .
There is now mounting evidence that dysregulated translation affecting mGluR-LTD is responsible for the overt autistic-like behaviors found in mice and humans lacking FMRP, although the exact mechanism(s) by which this protein negatively regulates translation is unknown (34, 35) . We therefore anticipate that elucidating the upstream pathways regulating elongation of mGluR-LTD target proteins will offer a tractable strategy for the design of new therapies targeting neurodevelopmental disorders such as fragile X syndrome and autism spectrum disorders in general.
Reactivation of translation stalled at elongation/termination is an elegant solution to the general problem of inducing protein synthesis with maximal alacrity when needed in special circumstances. It seems likely that this mechanism is widely applicable to vertebrate cell biology and beyond, and our findings demonstrate that the combined use of RPM with initiation inhibitors provides a robust strategy for examining this phenomenon.
Materials and Methods
Detailed descriptions can be found in SI Materials and Methods.
Animals and Cell Culture. Sprague-Dawley rats were obtained from Charles River Canada. All experiments were approved by the Animal Ethics Committee of the Montreal Neurological Institute, and abided by the guidelines of the Canadian Council on Animal Care. Rat primary hippocampal neurons were dissected from embryonic day 18 Sprague-Dawley embryos and cultured as previously described for 8-10 d before experimentation (11) . HEK293T cells were cultured in DMEM (Life Technologies) supplemented with 10% (vol/vol) FBS, sodium pyruvate, penicillin, and streptomycin.
AHA Labeling. To assess active protein synthesis in primary rat hippocampal neurons at 8-10 d in vitro (DIV) or HEK293T cells, the methionine analog AHA (Life Technologies) was incubated with methionine-starved cells for 60 min before conjugation of AHA peptides to a fluorophore using the Click-IT Cell Labeling Kit (Life Technologies). Cells were treated with inhibitors of translation 10 min before and during the entire AHA incubation period. See SI Materials and Methods for details.
Ribopuromycylation. RPM was performed in HEK293T cells as previously described (14) and in 8-10 DIV primary rat hippocampal neurons using 0.0003% digitonin for the extraction step. The cells were preincubated with inhibitors of translation for 10 min before and during the 5-min RPM procedure. See SI Materials and Methods for details.
